Summary: "Hybrid exercise" utilizing combined electrical stimulation and voluntary muscle contraction has been developed as a muscle exercise method. Although our previous studies have confirmed the effectiveness of the procedure, the mechanisms of its efficacy still remain unclear. In the present study, we identified genes that are specifically expressed in disused muscles, using the semitendinosus muscle from patients who underwent anterior cruciate ligament (ACL) reconstruction. Preoperative exercise was performed by four ACL-injured patients, who were subjected either to hybrid exercise (n=2), electrical stimulation (n=1), or no electrical stimulation (n=1), in addition to standard weight training for 4 weeks. Cross-sectional area (CSA) of the semitendinosus muscle was measured before and after the exercise by magnetic resonance imaging (MRI). A piece of the semitendinosus muscle was isolated during the surgery, and comprehensive analysis of the gene expression in this sample was performed using DNA microarray analysis. CSA increased in size by 4.2 and 14.7%, respectively, after hybrid exercise, and by 1.4% after electrical stimulation. However it shrunk by 7.7% without electrical stimulation. DNA microarray analysis revealed that hybrid exercise was more effective at stimulating the expression of signal transduction-, transcription-and cytoskeleton-related genes in semitendinosus muscles than electrical stimulation alone. In particular, gene ontology analysis revealed that hybrid exercise induced significantly higher expression of eukaryotic translation initiation factor 5A (EIFSA), peroxisomal biogenesis factor 6 (PEX6) and histone cluster 1 H4 (HIST1H4), compared with electrical stimulation alone. The expression of signal transduction-, transcription-and cytoskeleton-related genes may play an important role in muscle bulk increasing mechanisms in hybrid exercise.
INTRODUCTION
We recently developed a "hybrid exercise" technique that resists the motion of a volitionally contracting muscle by means of a force generated by an electrically stimulated antagonist (Fig. 1 ) [1] [2] [3] [4] . This technique utilizes electrically stimulated eccentric contractions and concentric volitional contractions involving reciprocal limb movements, and requires minimal external stabilization as compared with conventional weight training. Matsuse et al. [1] have shown that such hybrid exercise increased the extension torque of the elbow joint by about 30% and the cross-sectional areas (CSA) of the proximal upper extremity muscles by about 15% over a 12-week period. In addition, Iwasaki et al. [2] demonstrated that 6 weeks of hybrid exercise effectively increased the extension torque of the knee joint by 19-33%. Takano et al. also demonstrated that 12 weeks of hybrid exercise increased the knee extension torque by 39% and the CSA of quadriceps muscle by 9% in elderly subjects [3] . However, the mechanism by which hybrid exercise achieves these increases in muscular strength and bulk are still unknown.
Muscle atrophy occurs as a consequence of denervation, injury, joint immobilization, bed rest, glucocorticoid treatment, sepsis, cancer, and aging [5] . Unfortunately, there is no effective treatment for muscle atrophy. The maintenance of muscle mass is controlled by a balance between protein synthesis and protein degradation pathways, which is thought to shift toward protein degradation during atrophy [5] . Recently, a signaling pathway that increases protein synthesis was shown to promote muscle hypertrophy, thereby overcoming muscle atrophy [6, 7] . This finding led us to examine the effects of hybrid exercise on muscle power and muscle bulk in disuse-induced atrophic muscle at the genetic level. In the present study, we examined the gene expression profile in atrophied muscles of patients who underwent hybrid exercise.
MATERIALS AND METHODS

Subjects and exercise procedure
Four patients with anterior cruciate ligament (ACL) injuries were recruited for this study. Their average age was 17.8 years old (range 15-24). They were all scheduled to undergo ACL reconstruction surgery, and were subjected either to hybrid exercise (n=2), electrical stimulation (control 1; n=1) or no electrical stimulation (control 2; n=1), as described below. The subjects exercised three times a week for four weeks immediately before the ACL reconstruction surgery, and the exercises were done only on the affected side. Patients in all three groups were routinely subjected to half squat and calf raise exercise as standard weight training. One section of the standard weight training consisted of 5 sets of 20 repetitions.
All protocols used in this study were approved by the Ethics Committee of Kurume University (approved NO.06009). Following approval, informed consent was obtained from the subjects who had reviewed the goals of the study and agreed to participate. For minor subjects, approval was also obtained from their legal guardian.
Hybrid exercise
The subjects in this group were made to sit in a chair. The hamstring muscle was then electrically stimulated during volitional knee extension, and the quadriceps muscle was stimulated during volitional knee flexion. Each session included 10 sets of 10 reciprocal 3-sec (30°/sec) knee extensions and flexions. The sets were separated by 1-min rest intervals, and an exercise session required 19 min to complete. The electrical stimulation device has been described previously [8] .
The stimulation waveform used in this study was similar in some ways to that used in "Russian stimulation [9] ," and consisted of a 5,000 Hz carrier frequency modulated at 20 Hz (2.4 ms on, 47.6 ms off) to deliver Hybrid exercise resists utilizes electrically stimulated eccentric contractions and concentric volitional contractions with reciprocal limb movements. Both the volitionally activated agonist and the electrically stimulated antagonist contract during joint motion. The result is that both muscles are trained and that a longitudinal compressive load is placed on the bone. a rectangular biphasic pulse [3, 8] . The stimulation intensities were set at 70% of the maximum comfortable intensity, which was determined by increasing the stimulation voltage until the subjects reported any discomfort, for the quadriceps muscle, and at 80% of that for the hamstring muscle [3] .
Electrical stimulation
The subject was instructed to relax and not to attempt a volitional muscle contraction with the knee immobilized in a brace at full extension. The wave form, frequency, stimulation intensity and number of repetitions were the same as for the subject receiving hybrid exercise.
Measurement of cross-sectional areas of semitendinosus muscles
CSA of the semitendinosus muscle which would be collected for subsequent DNA microarray analyses was measured by means of magnetic resonance imaging: MRI (Signa LX 1.5 Tesla; GE Healthcare, New York, NY, USA) (Fig. 2) . Consecutive transaxial T1-weighted images (spin-echo; TR=720 ms, TE=0.7 ms, matrix size=384×256, FOV=48 cm×36 cm, slice thickness=8 mm, inter slice gap=2 mm) were obtained. The subjects were scanned in a supine position with the knee fully extended and the ankles fixed by an apparatus which was designed especially for this study. The number of transaxial images obtained for each subject was 30. From these images, the image that corresponded to the middle region along the length of the thigh was chosen. CSAs of the semitendinosus muscle were all analyzed by a blinded assessor using NIH Image software (Image J, version 1.410; NIH, Bethesda, MD, USA) [3] .
Sampling of human skeletal muscle and RNA isolation
All patients in this study underwent ACL reconstruction surgery after training with hybrid exercise, electrical stimulation alone, or without electrical stimulation, as described above. In the ACL reconstruction surgery, the semitendinosus tendon must be prepared as a self-graft. After obtaining informed consent from all patients, a small amount of muscle attached to this tendon, which was redundant for the graft, was collected for the present study. The samples were immediately frozen in liquid nitrogen and stored at -80°C until the analyses.
Total RNA was isolated from the semitendinosusmuscles using RNA isolation solution (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. The RNA pellets were resuspended in diethyl pyrocarbonate1-treated water. The quantity and quality of RNA obtained were estimated by an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
DNA microarray analysis
Isolated total RNA was analyzed by DNA microarray analysis using the human genome U133 set (Affymetrix, Santa Clara, CA, USA), which includes-33,000 human genes, according to the standard protocol recommended by Affymetrix (http://www. affymetrix.com/support/technical/manual/expression manual.affx) [10] . Gene intensity information was converted to a mean intensity for each gene by a proprietary software, Suite ver. 4.0 (Affymetrix), which includes routines for filtering and normalization. The intensity information was then transferred to an Excel software program (Microsoft Japan, Tokyo, Japan) and analyzed as needed.
Gene ontology analysis
A Gene Ontology (GO) database (as of September 18, 2009) was downloaded from the Gene Ontology website (http://www.geneontology.org/). GO analysis was performed with a software package, GeneSpring ver. 8.0 (Agilent Technologies Santa Clara, CA, USA) [11] . GO analysis identified affected genes and created an "Entity List" on the basis of information gained in the array analysis. GO analysis further calculated the probability of matching between the database and the "Entity List". Probability values less than 0.05 were considered to indicate statistical significance.
Real-time reverse transcription and polymerase chain reaction
To confirm the expression of representative genes, we performed real-time reverse transcription and polymerase chain reaction (RT-PCR) analysis with the appropriate primers ( Table 1 ) and SYBR Green dye using a real-time PCR system (model ABI 7300; Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions [12] . Briefly, first-strand cDNAs were reverse transcribed at 42°C for 60 min and 95°C for 5 min from 1 μg of the extracted total RNA with Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) and primers (oligo-dT15 primer:random nonamer=1:10). The reaction mixture containing reversetranscribed cDNAs was preheated for 2 min at 50°C and for 10 min at 95°C to activate Taq polymerase. A 40-cycle two-step PCR was performed, consisting of 15 sec at 95°C and 1 min at 60°C. The amount of target mRNA was calculated in the linear phase and normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal standard according to the delta-delta Ct method [13] . Table 2 shows the CSA of the semitendinosus muscles in the affected limb before and after the exercise period. After the exercise, CSA had increased in size by 4.2 and 14.7%, respectively, in the two hybrid exercise subjects, and by 1.4% in the subject with electrical stimulation. However, it had shrunk by 7.7% in the subject without electrical stimulation. One hybrid exercise subject, a 16-year-old male, started the AS, antisense primer; S, sense primer; EIF5A, eukaryotic translation initiation factor 5A; PEX6, peroxisomal biogenesis factor 6; FHOD3, formin homology 2 domain containing 3; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
RESULTS
Cross sectional area of semitendinosus muscle in the affected limb
Comprehensive gene expression and GO analyses
The samples were analyzed with a microarray, and a scatter plot was generated (Fig. 3) . Genes with an absolute value of less than 500 were excluded. Genes that exhibited increased or decreased levels of expres- The gene expression in hybrid exercise was compared with that in electrical stimulation. Genes with a similar expression lie on a line from the origin to the top right corner; the expression level is indicated by the distance from the origin. The scale on each axis is log scale. The sequences of expression sequence tag (EST) genes were subjected to the BLAST retrieval system to search for similar genes.
Kurume Medical Journal Vol. 57, No. 4, 2010 sion were chosen and their functions were classified ( Table 3 ). The results showed that hybrid exercise preferentially promoted the expression of genes associated with signal transduction (14 genes) transcription (10 genes) and cell structure (7 cytoskeletal genes, and 1 sorting gene). Because the number of candidates for the experiments was limited, we were unable to obtain a sufficient number of skeletal muscles for statistical analysis during this experiment period. Therefore, we performed GO analysis to classify the genes that were significantly changed by hybrid exercise. The GO analysis revealed that hybrid exercise induced significantly higher expression levels of several genes, i.e. eukaryotic translation initiation factor 5A (EIF5A), peroxisomal biogenesis factor 6 (PEX6), and histone cluster 1 H4 (HIST1H4), compared with electrical stimulation alone (Fig. 4) . In contrast, the expression of various genes associated with signal transduction, translation, and cellular component organization and biogenesis was suppressed by hybrid exercise (Fig. 4) . Fig. 4 . GO analysis. GO analysis was performed with a software package, GeneSpring ver. 8.0 (Agilent Technologies). GO analysis classified genes on microarray chips to potent affected genes as "Entity List" on the basis of information gained array analysis. GO analysis further calculates the probability of matching the accurate probability test (direct probability) from the list of categorized "Entity List". Probability values less than 0.05 were considered to be statistically significant. We also confirmed the effect of hybrid exercise on the expression of some of these genes by real-time RT-PCR (Fig. 5) . DISCUSSION "Hybrid exercise" is an exercise method that combines electrically stimulated and volitional contraction. When the joint is volitionally flexed, the extensor muscle is electrically stimulated, and when the joint is volitionally extended, the flexor muscle is electrically stimulated. Therefore, hybrid exercise achieves adequate loading of muscles during both extensor and flexor movements.
In ACL reconstruction surgery, the semitendinosus tendon is prepared as a self-graft. A small amount of muscle attached to this tendon, which was redundant for the graft, was collected during the operation. Hybrid exercise was performed with these preoperative ACL-injured patients, and the muscle tissue which would have been abandoned was used in the experiment. This was why we used ACL-injured patients as the subjects for this study. However we were unable to obtain a sufficient number of skeletal muscles for statistical analysis during the experimental period because the number of candidates was limited.
Preoperative quadriceps strength is considered a significant predictor of knee function after ACL reconstruction surgery [14] , and quadriceps exercise has been widely performed before reconstruction surgery. The current study was carried out to evaluate the mechanism of the effect of hybrid exercise and not to show its efficacy in ACL-injured patients. To prove the clinical efficacy of hybrid exercise in ACL-injured patients, a large clinical trial will be required in future.
To elucidate the mechanism of the apparent beneficial effect of hybrid exercise, we examined the comprehensive gene expression profiles in muscles trained by hybrid exercise and compared them with the profiles in control muscles subjected to electrical stimulation alone or without electrical stimulation. The microarray analysis showed that hybrid exercise preferentially promoted the expression of genes associated with signal transduction and transcription, and cytoskeletal genes, as compared with electrical stimulation alone. Our results suggest that hybrid exercise helps to maintain muscle mass after unloading, possibly through this distinct gene expression pattern, although additional studies with larger patient groups will be needed to substantiate this hypothesis. This is the first report to address the relationship between gene expression and the effect of hybrid exercise. Future GO analyses based on the microarray information obtained herein may further clarify the mechanisms of the beneficial effects of hybrid exercise. The present GO analysis revealed that hybrid exercise induced significantly higher expression of EIF5A and PEX6, compared with electrical stimulation alone, while expression of a variety of genes was suppressed by hybrid exercise. EFA5A is a translation initiation factor, and has previously been shown to have a strong association with the protein synthesis process [15] . Muscle protein synthesis plays a central role in the recovery from muscle atrophy or aging. In fact, the reduction of the EFA5A level in the cerebellum contributes to the impairment of long-term motor memory that is observed during aging [16] . Furthermore, EIA5A enhances muscle regeneration through its role in satellite cell (skeletal muscle stem cell) differentiation [17] . In contrast, peroxisome biogenesis, for which PEX6 is a prerequisite factor [18] , plays an important role in muscle regeneration after injury [19] .
On the basis of these findings, we suggest that hybrid exercise may stimulate muscle regeneration, perhaps through enhanced expression of EIF5A and PEX6, and may thereby contribute to muscle strengthening. Further studies will be needed to confirm this hypothesis.
